New approach for Electron-lon Colliders (EIC)
with Fixed Tunes Non-Scaling FFA

Dejan Trbojevic, Stephen Brooks, Scott Berg, Thomas Roser, Vladimir Litvinenko, and Georg Hoffstaetter

The future Electron lon Colliders (EIC) could be the ‘green energy colliders’ as
the Energy Recovery Superconducting Linacs ‘ERLs” are used to make the energy
fully recovered. After collisions electron beam is brough back to the linac by a
single permanent magnet beam line without requiring electric power.

The single beam line transports all electron energies at once as it uses the
Fixed Field Alternating Gradient (FFA-LG) principle with a very strong focusing
but this time with fixed horizontal and vertical betatron tunes.

The electron rings for EIC at BNL and at CERN-LHeC are based on the
experience from a very successful commissioning of the Cornell University and
Brookhaven National Laboratory Energy Recovery Test Accelerator — ‘CBETA’.

The FFA non-linear gradient design is a racetrack shape, with arcs matched
by adiabatic transition to the two (LHeC) or multiple straight sections (EIC in the
RHIC tunnel) as in the CBETA example. The straight sections are used to place
the superconducting linacs.
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Permanent Magnets
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CBETA girder and Superb Quality Permanent Magnets
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The orbits in the FFA Arc are Adiabatically merged into one

Merging of the orbits at the CBETA project
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The orbits in the

-FA Arc are Adiabatically merged into one
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Measurements of Orbits in the CBETA FFA Cells
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Newest Permanent Magnet Designs For Light Sources
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Comparisons of the displaced Halbach with open gap with Combined Function
Focusing magnet by keeping the beam more towards the center of the aperture
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Comparisons of the displaced Halbach with open gap with Combined Function
Defocusing magnet by keeping the beam more towards the center of the aperture
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Layout of the Electron lon Collider in RHIC

Linac 1.5 GeV
#1 1.5 GeV

#2 3.0 GeV
#3 4.5 GeV

#4 6.0 GeV
#5 7.5 GeV
#6 9.0 GeV
#7 10.5 GeV
#8 12.0 GeV
#9 13.5 GeV
#10 15.0 GeV
#11 16.5 GeV
18.0 GeV
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INJECTOR with 280 MeV linac and 1.52>4.5 GeV Racetrack

700 RF cycles 700 RF cycles 700 RF cycles 700 RF cycles Merging@1.22 GeV ~13,000 turns 700 RF cycles

2800 RF cycles
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Vith 28nC/bunch every 12t of 1150 buckets are filled with a total current 12 x 28nC x 100 = 2.48A
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Merging four bunches at injection first into two and then into a single bunch
50 bunchesx1 .5 GeV

using s and 2 RF frequency cavities
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Layout of the LHeC-LHC-SPS
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Linac-Ring Option — LHeC Recirculator

tune-up dump

RECIRCULATOR COMPLEX

1. 0.5 Gev injector

2. Two SCREF linacs (10 GeV per pass)
3. Six 180° arcs, each arc 1 km radius

4. Re-accelerating stations
5. Switching stations
6. Matching optics

7. Extraction dump at 0.5 GeV

total circumference ~ 8.9 km
0, 30, 50 GeV

o

0.12 km
comp. RF

1.0 km
0,

<+ 10-GeV linac
0.03 km

IP

e- final focus

Beam Energy [GeV]
Luminosity [10%3cm2s1]
Normalized emittance yg, , [um]
Beta Function ', [m]

rms Beam size o', [um]
rms Divergence o', , [urad]
Beam Current [mA]
Bunch Spacing [ns]
Bunch Population

40, 60 GeV

© F. Zimmermann
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The baseline 60 GeV ERL option proposed can give an e-p luminosity of 1033 cm-2s1
(extensions to 1034 cm2s! and beyond are being considered)
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FFA-LG LHeC Recirculator with Energy Recovery
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6-18 GeV Lattice Design
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Bo = 0.363T

Focusing magnet
Lor= 0.92 m
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—— 2@2@orbit.x-
— 3@3IB@arbit.x
4@4@arhit.x
— SRS@orbit.x '

15 BRE@arbitx—

——— 7@7@orbit.x T
B@d@or bit.x
G@3@orbit.x

Orbit {(mm)
Qo
T

|
3]

|

\

-3.22 mm :
5

i\

I 1 1 1
o.8[model uni:1{.2

(o))

i 196

1 le
N|||I|||l|||NI<||I||ll||||

bl 4 1.6 0
Y| —— 1@1@betala ' . L PR SV R ! " I !
L~ 1@1@beta.b e
——— 2@2@beta,q
—~ 40 2@2@beta.b
€ i 3@3@betg; o’ N
Z Eryoore .-3:@5%9‘§0-b i ST
o Q.a PR
2,0_ 5 4@ 4@ hetaty #W
S@5@beta.a ; o
0 —:::: 5@5@betur; 1 1 ] | 1 1 1 | 1 | ] 1 L
0 : 0.8 1.2 1.6 0
oo B@G@betab .
------- 7@7@beta.a [mcdmini:1]
0‘007 —— 71&7%“&!’ T T T | T T T I T }_ — L — S— =
C— DEE®bMNG . e P ]
2 0.006 L T pe— e .
£ 0.005 2 e — i -
o s s . e ]
g U004[ B@EOEta T .
0.003 | T@7@eta.x e ——— /;;r/ =
: ton ic i [ B@8@stoy e et , .
0‘002 1 f\ 1 i 1 1 1 i 1 i
Dispersion is in oD L - wl= =t
In millimeters! & ()

Brookhaven-

National Laboratory

Dejan Trbojevic, SNOWMASS MEETING, Dec 17, 2021

15



Tunes, Maximum Orbit offsets, and
Time of Flight Dependence on Energy
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Magnets for the Large FFA ring in RHIC tunnel

For EIC@RHIC
Y LBD = 081573 m LQF =0.92 m
Gp =96.6 T/m Bf = -0.104525T
Bp :—0.1045252T Ror= 357.419 m
Sxp= 7407.9 T/m e Gqr=-82.789 T/m
— 3
3 Oxp=2.5E3 T/m S Sy = -7407.9 T/m?
o hip = Asidm {1 Oy = -168050 T/mS3
< Good Field Region < R = 357.419
Rgp = 5.33 mm QF ="l e
Maximum Orbit Offsets in By Good Field Region R =5.33mm
I XpiN = - 2.28mm, ' Maximum Orbit Offsets QF:
Xmax = 2.52 mm 3 XmIN= =3.22 mm, Xyax=3.09 mm
6 Maximum field =-0.363 T -2 LM Maximum field = -0.436 T
.6 cm
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Multipoles in the permanent magnets

Multipole components in the defocusing magnet with Multipole components in the focusing magnet with the field

the field harmonics at R = 5.33 mm with the reference harmonics at R = 5.33 mm with the reference field component
field component of G,=96.6 T/m. of G.= - 82.7876 T/m.

Field harmonic Normal units  Skew units Field harmonic  Normal units  Skew units
Dipole -2650.13 -0.00 Dipole 280422 -0.00
Quadrupole 10000.00 -0.00 Quadrupole 10000.00 -0.00
Sextupole 6780.24 0.00 Sextupole 4772.21 -0.00
Octupole -95.91 0.00 Octupole 57.74 -0.00
Decapole 0.05 -0.00 Decapole 0.07 -0.00
Dodecapole 0.10 0.00 Dodecapole (.23 -0.00
14-pole 0.49 0.00 14-pole 0.45 -0.00
16-pole 0.78 0.00 16-pole 0.42 -0.00
18-pole -0.22 -0.00 18-pole -0.89 -0.00
20-pole -4.55 -0.00 20-pole -4.07 0.00
22-pole -9.76 0.00 22-pole -8.34 0.00
24-pole -9.98 0.00 24-pole -9.63 0.00
26-pole -3.43 -0.00 26-pole -6.40 0.00
28-pole -2.72 -0.00 28-pole 0.54 -0.00
30-pole -0.50 0.00 30-pole -1.02 0.00
32-pole 0.00 0.00 32-pole -0.00 0.00
34-pole 0.74 -0.00 34-pole -0.11 -0.00
36-pole -1.62 0.00 36-pole -1.31 -0.00
38-pole -1.04 0.00 38-pole -0.57 -0.00
40-pole 0.21 -0.00 40-pole 0.11 -0.00
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Low Energy 1.5 - 4.5 GeV EIC@RHIC FFA-LG Ce |

Max orbit offset =1.6 mm
Magnet Properties:

Defocusing magnet
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Lattice functions and orbits in the single arc cell of the small 159m
racetrack with the permanent combined function magnet properties

&
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Tunes in FFA Arc Cell
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Extraordinary Magnets = Fixed Tunes

Log = 0.92 m By =0.104525 T R =357.419
m, Gy =—82.789 T/m, Sy; = ~7407.9 T/m?,
Ox;=—168050 T/m®, Ry = 357.419 m

For EIC@RHIC, Ly,=0.81573 m, Gp=96.6 T/m,
B,=—0.104525 T, Sy;, = 7407.9 T/m2,
Oxp=2.5E* T/m* , Ryp=357.419 m

4 cm

v

A

6.05 cm
4.25 cm

4.9 cm - 32em.________|

Good field region with Ry, = 5.33 mm, with Good field region at the radius of R =5.33 mm with
maximum orbit offsets in the defocusing magnet By, the maximum orbit offsets at the focusing magnet Qg
of -3.22 mm< Axy;,x<3.09 mm, with a maximum

of -2.28mm< Axoppspr< 2.52 mm with the maximum
field Bpyax=—0.363 T field of BFMAX= -0.436T
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Field multipoles in the Small Racetrack

Field harmonics at R=6.66667mm. The
reference field component is 74.996 T/m.

Field harmonics at R=6.66667mm. The

reference field component is -75.6993 T/m.

Field harmonic Normal units Skew units Field harmonic =~ Normal units Skew units
Dipole 3341.55 -0.00 Dipole -3310.65 0.00
Quadrupole 10000.00 -0.00 Quadrupole 10000.00 0.00
Sextupole 3318.52 -0.00 Sextupole 5790.70 0.00
Octupole 343.63 -0.00 Octupole -170.21 0.00
Decapole -0.32 -0.00 Decapole 0.08 -0.00
Dodecapole 0.01 -0.00 Dodecapole 0.13 -0.00
14-pole 0.31 0.00 14-pole 0.33 0.00
16-pole 0.20 0.00 16-pole 0.63 0.00
18-pole -1.77 -0.00 18-pole -0.04 -0.00
20-pole -5.49 -0.00 20-pole -3.85 -0.00
22-pole -8.33 0.00 22-pole -8.23 -0.00
24-pole -6.51 -0.00 24-pole -7.27 0.00
26-pole -4.88 -0.00 26-pole -1.69 -0.00
28-pole -0.39 -0.00 28-pole -3.01 -0.00
30-pole -0.40 0.00 30-pole -0.06 0.00
32-pole 0.00 0.00 32-pole 0.00 0.00
34-pole -0.33 -0.00 34-pole 0.58 -0.00
36-pole -1.16 0.00 36-pole -1.30 0.00
38-pole -0.17 0.00 38-pole -0.67 0.00
40-pole -0.18 -0.00 40-pole 0.05 -0.00
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Matching Transition From the FFA-ARC to the Straight
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1.5 GeV Linac for eRHIC Linac-Ring Solution

T

T P T T T T T T T T T

.&%ﬁﬁgl;g:i | ! A .

i@g::b:"t:; | / WMW ]

| ' ' i

08 | i

E\\ [ -

E _
:’_é‘
[}

L1 1 1

1 1 | 1 1 1 1 1 1 ]
300 450 600 750

T T é (m;‘ T T T T ]

i i i ]

xel HE L h .

,'é% T o ,di ]

IR |= |i'i ._"{,J., r: 5 I.- T

| i'lﬂ Lk: ]T|I|i IEHEE -

I i i i | . i T b i i :I b | -

] |ba':|:|4.bﬁtn:|r , ' 8 _:

0 multibeta4.betg | | | =
0 MUTtIREEE beta 300 450 G500 750

s (m)
0009 T ] T T | T T T T ]
Wﬁ%‘ﬁﬁmﬂm i :ﬂ{ MTFAR

Ll b

-~
i
a

k? Brookhaven

National Laboratory

Dejan Trbojevic, SNOWMASS MEETING, Dec 17, 2021

26



0.01

k? Brookhaven

National Laboratory

mis

240

240

d racetrack with linac

—240 —-180 =120 —G0 'f|ODI'ﬂ_|3|C]n a0 120 180
GO T T T T T [T T T T T[T T T T T [T T T T T[T T T T T[T T T T T[T T T T T[T TTTT
0
.
é —B0 —
—
—120 \ }
=180y v by v v b v b v b v by v by v by a
=240 —-180 =120 —a0 0 a0 120 180
1 Bbeatala
1 @betalb
2@betaia
2@betalb
Sbetag
Z@betab

: multl%ﬁ-.beﬂ:ﬂ

DA T Betad T T T T T T T T T T T T T ]
e ata_ } E
£ 005F AR ISR RPN RSRHMAAN E
9 E AR NN MRAN -
v O 1 Ik Wit | ik 3
—0.0% a L 1 1 | 1 L 1 L 1 I 1 L 1 L 1 1 .

0] 200 400 500 500 10G0

Dejan Trbojevic, SNOWMASS MEETING, Dec 17, 2021



| attice Function in the LHeC FFA arc
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CONCLUSION

e High gradient permanent magnet design reduces
significantly the magnet size and the required beam
aperture to within diameter of 2-5 mm providing fixed
horizontal and vertical betatron tunes.

 FFA-LG Lattice solutions are developed for EIC@RHIC and
LHeC

* A new proposal could replace the two rings: the fast-
cycling synchrotron and the storage ring with a single
beam line using the 1.5 GeV SFR linac with 12 passes
preserving the polarization. This is a ‘green’ accelerator as
there is not need for electrical power due to permanent
magnets and the energy is recovered
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Adiabatic transition from the arc to the straight
with expanding the transition cell lengths

Sixth order polynomial - transition function
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Extraction from the FFA-arc

Magnet Properties:
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B, =0.2383T
B = 0.5023 T

Focusing magnet
Lop = 1.6m

GF =-15.586T/m
Br =0.0420T
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Extraction from the FFA-arc to Collisions

Slides in for lower energy extractions
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B=0.83T

Nick Tsoupas |
OPERA Septum, | | B<0.5 Gauss
Design | | |

Y [cm]

lron with
cooling
| channel

2Ccm

Inconel or Al

-0.8

-1.0

-1.2 1.6

omponent: POT
inimum: -0.006, Maximum: 0.006, Interval: 0.001

Reduced from Nick’s design
of 3cmto 2 cm
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